shown to exert some beneficial effects on various cell cultures. For example, it increases the fertilizing capability of sperm cells, promotes cell proliferation, induces sprouting of neurons, and more. To learn about the mechanism of photobiostimulation, we studied the relationship between increased intracellular calcium ( Life on earth is entirely dependent upon the interaction of sunlight with cells especially in plant photosynthesis (1). Sunlight also has medical benefits, which have been exploited for over thousands of years in ancient Egypt, India, and China in treating skin diseases, psoriasis, vitiligo, and even cancer (2). Recent observations show that even low energy visible light (LEVL) 1 can serve as a medical tool. For example, LEVL increases the rate of wound healing (3), enhances the fertilizing capability of sperm cells (4), and increases the rate of healing bone defects (5). In vitro studies have found that LEVL increases proliferation of cells as fibroblasts (6), keratinocytes (7), and lymphocytes (8) and induces the respiratory burst in neutrophils (9). The mechanism of photobiostimulation by LEVL is still unclear. It has been suggested that reactive oxygen species (ROS), which can be produced by photosensitization of endogenous cell chromophores such as cytochromes (10) [Ca 2ϩ ] i followed by myosin phosphorylation and cell contractions (26). Growth factors and hormones were shown to stimulate ROS production, which were dependent on [Ca 2ϩ ] i rise (27). The relationship between ROS and [Ca 2ϩ ] i has been suggested to involve the redox-sensitive transcription factor N␤, which was found to change [Ca 2ϩ ] i homeostasis in response to changes in the redox state of thiol groups (28). The kinetics that characterize the [Ca 2ϩ ] i elevation have been shown to be an important parameter determining the kind of signal that will be evoked. Livingston et al. (29) showed that high concentrations of oxidants (Ͼ50 M) caused a sustained increase in [Ca 2ϩ ] i , whereas a transient increase in [Ca 2ϩ ] i was observed following administration of a low concentration of oxidants. More than a 4-fold increase in the [Ca 2ϩ ] i level was obtained in photodynamic treatment of mouse myeloma cells that had been enriched with exogenous photosensitizers before illumination, whereas only a slight increase in [Ca 2ϩ ] i was observed in irradiated cells without exogenous photosensitizers (30) .
Life on earth is entirely dependent upon the interaction of sunlight with cells especially in plant photosynthesis (1) . Sunlight also has medical benefits, which have been exploited for over thousands of years in ancient Egypt, India, and China in treating skin diseases, psoriasis, vitiligo, and even cancer (2) . Recent observations show that even low energy visible light (LEVL) 1 can serve as a medical tool. For example, LEVL increases the rate of wound healing (3) , enhances the fertilizing capability of sperm cells (4) , and increases the rate of healing bone defects (5) . In vitro studies have found that LEVL increases proliferation of cells as fibroblasts (6) , keratinocytes (7), and lymphocytes (8) and induces the respiratory burst in neutrophils (9) . The mechanism of photobiostimulation by LEVL is still unclear. It has been suggested that reactive oxygen species (ROS), which can be produced by photosensitization of endogenous cell chromophores such as cytochromes (10) , flavins/ riboflavins (11) , and NADPH (12) , may have an important role in this light/tissue interaction (13) (14) (15) . The suggestion is based on the recent recognition that small amounts of ROS are considered to be important for mediating cell activities (16 -19) .
The production of ROS in response to low energy visible light has been demonstrated in fibroblasts (20) , sperms (21) , and lymphocytes (15) . In addition, it has been found that LEVL causes [Ca 2ϩ ] i elevation in cells like sperm (4) and skin (22). Transient increases in [Ca 2ϩ ] i initiate cellular signaling pathways such as activation of photoreceptors and induction of growth factors and contractility (23, 24) . Thus a change in [Ca 2ϩ ] i following LEVL may be another important mediator of photobiostimulation effects.
The linkage between [Ca 2ϩ ] i and the redox state of the cell is well known in controlling many cellular systems. For example, it has been found that H 2 O 2 , when added to skeletal muscle fibers, causes an increase in [Ca 2ϩ ] i , which is prevented by a reducing agent (25) . Incubation of endothelial cells with H 2 O 2 caused an increase in [Ca 2ϩ ] i followed by myosin phosphorylation and cell contractions (26) . Growth factors and hormones were shown to stimulate ROS production, which were dependent on [Ca 2ϩ ] i rise (27) . The relationship between ROS and [Ca 2ϩ ] i has been suggested to involve the redox-sensitive transcription factor N␤, which was found to change [Ca 2ϩ ] i homeostasis in response to changes in the redox state of thiol groups (28) . The kinetics that characterize the [Ca 2ϩ ] i elevation have been shown to be an important parameter determining the kind of signal that will be evoked. Livingston et al. (29) showed that high concentrations of oxidants (Ͼ50 M) caused a sustained increase in [Ca 2ϩ ] i , whereas a transient increase in [Ca 2ϩ ] i was observed following administration of a low concentration of oxidants. More than a 4-fold increase in the [Ca 2ϩ ] i level was obtained in photodynamic treatment of mouse myeloma cells that had been enriched with exogenous photosensitizers before illumination, whereas only a slight increase in [Ca 2ϩ ] i was observed in irradiated cells without exogenous photosensitizers (30) .
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the relationship between low energy light, ROS, and [Ca 2ϩ ] i levels in cardiac cells. We chose cardiomyocytes as low energy photoirradiation has been found to improve heart preservation for transplantation (31) . In addition, cardiomyocytes possess low levels of antioxidant enzymes, thus being more sensitive to light and ROS.
MATERIALS AND METHODS

Chemicals
Indo-1/AM was purchased from Molecular Probes Inc. 5-(diethoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide (DEPMPO) was purchased from Calbiochem, and 2,2,6,6-tetramethyl-4-piperidone was obtained from Aldrich. All other chemicals were purchased from Sigma.
Fluorescence Measurements of Rat Cardiac Cells
Rat cardiac cells (1-2 day-old) were grown for 3-6 days on a coverglass coated with gelatin/collagen, as described previously (32) . The cultured cells were then incubated in the dark for 30 -50 min with 2 M of the fluorescence probe indo-1/AM and 1.5 M pluronic acid in glucoseenriched phosphate-buffered saline at room temperature. The cardiac cells were then washed with glucose-enriched phosphate-buffered saline and transferred to a chamber over a Zeiss inverted microscope (Axiovert 135 TV). The microscope was focused on a single cardiomyocyte or a group of two to three cells in the indo-1 loaded culture. Every 2-5 min, the average fluorescence was measured for 10 s (33).
Illumination and H 2 O 2 Treatment
While on the chamber of the microscope, the cells were irradiated from 1 to 5 min with a filtered homemade light source (400 -800 nm) at 40 
Involvement of L-type Calcium Channel
To determine whether changes in intracellular calcium are mediated by a specific calcium channel, 10 M verapamil (L-type voltage-dependent calcium channel blocker) were added to cardiac cells before LEVL irradiation or H 2 O 2 treatment, and then the indo-1 fluorescence was measured.
ROS Measurements
Measurements of Hydrogen Peroxide by Luminol-Cell suspensions of 200 l (containing 10 6 cells) were added to 96-well multiwell cluster dishes. Each well was then illuminated, and immediately, horseradish peroxidase (2.4 unit/ml) and luminol (20 M) were added. The luminescence of each well was measured by a TECAN spectrofluorimeter at room temperature every 30 -60 s during a period of 5 min. The peak value of the luminescence as a function of time was taken after subtracting the value of the blank signal (luminescence of the illuminated medium).
Measurements of Superoxide Anion Radicals by Electron Paramagnetic Resonance (EPR) Spin Trapping Technique-To measure O 2
. , we used the EPR spin trapping technique with the spin trap DEPMPO (34) . The DEPMPO reacts with hydroxyl radicals to produce DEPMPO-OH or with superoxide anion radicals to produce the spin adduct DEPMPO-OOH (35) . The latter is a relatively stable paramagnetic species (halflife time, 17.7 min; (36)) having two conformers with a characteristic EPR spectrum of 18 lines. To simplify the spectrum and to increase its resolution, only the parts of the spectrum where DEPMPO-OOH lines are distinguishable from DEPMPO-OH lines were scanned. Samples of 1.2 ϫ 10 6 cells/ml with DEPMPO (0.02 M) were drawn by a syringe into a gas-permeable Teflon capillary (Zeus, Raritan, NJ) and inserted into a narrow quartz tube that was open at both ends (37) . Then the tube was placed into the EPR cavity, and the spectra were recorded on a Bruker EPR 100d X-band spectrometer while illuminating the samples in the EPR cavity. The EPR measurement conditions were as follows: frequency, 9.75 GHz; power, 20 mW; scan width, 25 G; resolution, 512; receiver gain, 2 ϫ 10 5 ; conversion time, 164 ms; time constant, 2622 ms; number of scans, 4; illumination time, 83 s.
Using EPR Spin Trapping Technique to Measure Hydroxyl Radicals and Singlet Oxygen Production by Sensitization of Indo-1/AM-
The fluorescence probe indo-1 that was used to measured [Ca 2ϩ ] i does not overlap with the wavelength range of our light source treatment as its excitation length is 355 nm. Nevertheless, to exclude any possibility that indo-1 can be photosensitized by the light source, we measured the EPR spin trap spectrum of indo-1/AM during illumination. Neither production of 1 O 2 nor production of O 2 . or production of OH ⅐ was obtained using the spin traps 2,2,6,6-tetramethyl-4-piperidone and 5,5-dimethyl-1-pyrroline-N-oxide, respectively (data not shown).
Structural Changes Following Illumination or H 2 O 2 Treatment
Myocytes in phosphate-buffered saline were treated with increasing concentrations of hydrogen peroxide or were illuminated with different doses of light. After 50 min, the cells were returned to growth medium and placed in a 5% CO 2 incubator environment at 37°C. The cells were fixed after 24 h, and then immunohistochemical staining was performed using mouse monoclonal anti-␣-sarcomeric actin(C-5) and goat anti-mouse biotinylated immunoglobulin conjugated with extrAvidin peroxidase (immunohistochemical kit, stock number IMMH-1). Following staining with chromogen 3-amino-9-ethylcarbazole, the cells were counterstained with hematoxylin (32).
Lactate Dehydrogenese (LDH) Assay
Cytotoxicity was assessed by activity of released LDH into the culture medium. The LDH activity was measured using an LDH kit as described before (38) . The results are expressed as percent of LDH released in samples relative to samples in which cells were lysed with 1% Triton x-100. . . In Fig. 2a , a simulated spectrum of DEPMPO after trapping O 2 . to form DEPMPO-OOH is shown in the detectable range. Illuminating cardiomyocytes while scanning the EPR spectrum for 83 s resulted in the appearance of a spectrum that is compatible with that of DEPMPO-OOH (Fig. 2b) , whereas the non-illuminated cell suspension spectrum exhibited only background noise (Fig. 2c) . Addition of superoxide dismutase, a superoxide oxide anion scavenger, to the cell suspension decreased the intensity of the DEPMPO-OOH spin adduct signal (Fig. 2d) . These results show that LEVL illumination increases the level of O 2 . in illuminated cardiomyocytes.
RESULTS
ROS Production by Cardiomyocytes-To
Effect of Visible Light Irradiation on [Ca 2ϩ
] i -We next determined whether light could directly induce increased intracellular [Ca 2ϩ ] i even without exogenous photosensitizers. We found that illumination at an energy density of 3.6 J/cm 2 caused a semitransient elevation of [Ca 2ϩ ] i with a broad peak of 12%, which lasted for more than 30 min followed by a decrease to a stable plateau of 8% above the control (Fig. 3 curve b, and see also Fig. 7, curve a) . Increasing the light energy density to 12 J/cm 2 resulted in a linear elevation of [Ca 2ϩ ] i , which reached 25% at 60 min after illumination (Fig. 3, curve  c) . Nevertheless, this elevation was reduced to 7% above control, as a result of including 200 units/ml catalase (H 2 O 2 scavenger) into the medium before illumination (Fig. 3, curve d) . In the control, the observed [Ca 2ϩ ] i values fluctuated up to 3% above and 2% below the basal level during 80 min (Fig. 3,  curve a) (Fig. 4 , curve a and inset, and see also Fig. 8, curve a) . Addition of 48 M H 2 O 2 caused a moderate increase in [Ca 2ϩ ] i during the first 20 min, which was followed by a linear increase in [Ca 2ϩ ] i , reaching a plateau of 150% at 50 min after its addition (Fig. 4, curve c) ] i did not return to the basal level but decreased to a semiplateau 50% above the control (Fig. 4, curve b) . Comparing these results with those obtained with LEVL (Fig. 3, curve b , and see also Fig. 7 (39)). We found that the amount of LDH released to the medium at various times after 3.6 or 12 J/cm 2 of illumination was similar to that of the LDH released in non-illuminated cultures (Fig. 5) , and the increase in LDH level during 24 h is only due to natural exocytotic release.
Another approach for determining the effect of light or H 2 O 2 was to observe the cell morphology 24 h after illumination or treatment with H 2 O 2 (Fig. 6) . The cultured cells were immunocytochemically stained for ␣-sarcomeric actin to observe the contractile filaments and were counterstained with hematoxylin to observe the nucleus. In the control (Fig. 6A) , most of the cardiomyocytes were flattened with strands of well organized myofibrils ␣-sarcomeric actin with evident cross-striation. The nucleus showed a well stained chromatin structure. Treatment with 12 M H 2 O 2 maintained cross-striations but caused a slight disorganization of the myofibril structure and a slight loss of ␣-sarcomeric actin staining. No changes were shown in the nucleus (Fig. 6B) . Increasing the H 2 O 2 concentration to 24 M caused focal disorganization of myofibril structures, vacuolization of the cytoplasm (green arrow), and picnotic damage to many nuclei (white arrow). Nevertheless, approx. 65% of cells did not exhibit changes (Fig. 6C) . By further increaszhying the H 2 O 2 concentration to 48 M, a severe alteration of the ␣-sarcomeric actin-positive structure, disorganization of the myofibrils, vacuolization of the cytoplasm, and perinu- 
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clear edema (green arrow) were induced. The nucleus showed picnotic damage (Fig. 6D, white arrow) . Illumination at 3.6 J/cm 2 caused no visible alteration in cardiomyocyte structure, as seen in stained ␣-sarcomeric actin myofibrils and maintenance of cross-striation (Fig. 6E) . Increasing the illuminating energy to 7.2 J/cm 2 caused a decrease in the ␣-sarcomeric actin staining, but the nucleus was without visible changes (Fig. 6F) . Increasing the illumination energy to 12 J/cm 2 caused a disorganization of the myofibril structures, decrease in ␣-sarcomeric actin staining, vacuolization of the cytoplasm, and oncotic damage (swelling) of the cytoplasm, although no visible damage to the nuclei was seen (Fig. 6G) . Adding exogenous catalase (200 units/ml) to the medium of cardiomyocyte culture before irradiation with 12 J/cm 2 protected the cells, as seen in Fig. 6H .
We (Fig. 6, E and B (Fig. 6C) and changed the kinetics of [Ca 2ϩ ] i to oscillation, reaching a plateau (Fig. 4, curve b) . High doses of light 12 J/cm 2 or H 2 O 2 48 M, which show a clear toxic effect on the cells 24 h after treatment (Fig. 6, G and D) , were correlated with a linear increase in [Ca 2ϩ ] i (Fig. 3, curve c) or a semiexponential increase (Fig. 4, curve c) , respectively. Furthermore, the presence of catalase, which reduces the H 2 O 2 concentration, formed by visible light illumination, causes a change in the [Ca 2ϩ ] i kinetics. The linear kinetics observed after 12 J/cm 2 of illumination change into smaller oscillations in the presence of catalase (Fig. 3, curve d) , which also prevented cell damage (Fig. 6H) treated cells to which verapamil was added 15 min before treatment. Our results show that verapamil, which has no effect on [Ca 2ϩ ] i (Fig. 7, curve c) (Figs. 4, curve a, and 8, curve a) . The question arises of what is the mechanism causing [Ca 2ϩ ] i elevation and how this increase is related to ROS. Neither LDH secretion up to 24 h after visible light illumination (Fig. 5) nor any morphological damage 24 h after LEVL or 12 M H 2 O 2 treatment was observed (Fig. 6, B and F) . Therefore, the elevation of [Ca 2ϩ ] i cannot be attributed to ROS-mediated membrane damage by lipid peroxidation (41) or permeabilization of the membrane to an influx of Ca 2ϩ (42) , as has been suggested previously in photodynamic systems.
The change in [Ca 2ϩ ] i following ROS elevation in undamaged cells is partially explained by the ability of ROS to mediate direct or indirect phosphorylation of calcium transporters (43) or the ability of ROS to oxidize thiol groups to disulfides in calcium transporters (44, 45) . Calcium transporters in muscle cells are known to be highly sensitive to oxidation (46, 47) . Oxidation of their thiols by ROS can cause a structural change in the transporters, which may inhibit or enhance their function (44 (Fig. 6, D and G) , whereas the transient increase (Figs. 3, curve b, (53) suggested that this transient increase in [Ca 2ϩ ] i enabled the cells to accumulate sublethal damage by using cellular adaptation responses. This adaptation response includes induction of the transcription and translation of the oxidative stress-related enzyme heme oxygenase (54), induction of heat shock proteins (55) , and stimulation of cell growth by an increase in prostaglandin E2 levels (52) . Each transient [Ca 2ϩ ] i signal is characterized by an amplitude and a duration, which are specific in their signaling effects (56) . In this study, a treatment with LEVL or a low concentration of H 2 O 2 causes an increase in [Ca 2ϩ ] i amplitude of about 12%, with a duration of more than 60 min. This signal can be interpreted by the cells as a signal leading to activation of different genes (56) and cellular processes (57, 58) , which can initiate the healing attributed to the therapeutic effect of LEVL.
A known second messenger that regulates [Ca 2ϩ ] i signaling is inositol triphosphate (IP 3 ) (50, 59) . However, in cardiomyocytes, the IP 3 receptor is localized at the region of the intercalated discs, and little or no IP 3 binding was detected in longitudinal sarcoplasmic reticulum, junctional sarcoplasmic reticulum, sarcolemma, mitochondria, and submitochondrial vesicles (60) . Moreover, it has been shown that the mass content of IP 3 is lower in isolated cells (which were used in this study) than in the intact tissue (61) . Therefore, the IP 3 contribution to the overall calcium homeostasis in cultured cells appears to be negligible (62) .
A correlation between the viability of the cells and [Ca 2ϩ ] i is not unique to light or ROS, as has been shown in this study. Such a correlation was found in gastric cells treated with deoxycholate (63 (63, 64) . This adaptation response, which is expressed by preconditioning the cell to a damage with a mild damage, has many examples (65) . Preillumination of Escherichia coli with low intensity visible or IR radiation led to an increase in cell survival after subsequent irradiations with UV light (66) . Pretreatment of several mammalian cell lines with a relatively low concentration of H 2 O 2 increased up to 40-fold their viability after high doses of H 2 O 2 treatment (67).
We conclude that LEVL, by producing ROS such as superoxide anion radicals and H 2 O 2 , stimulates a long lasting small increase in [Ca 2ϩ ] i , as observed in this study. We speculate that LEVL evokes a cellular adaptation mechanism and calcium signaling, which might explain previously obtained results such as improving functional preservation of isolated rat hearts by low energy photoirradiation (31) , reduction of infarct size of the hearts of dogs (68) , and enhancing recovery of ischemic damage in cardiomyocytes (69) .
